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Renal C3 synthesis in idiopathic membranous nephropathy: in these diseases [3]. Indeed, different groups have re-
Correlation to urinary C5b-9 excretion. ported an increased concentration of urinary C5b-9
Background. Complement activation plays a central patho- (uC5b-9) in IMN and other proteinuric nephropathiesgenetic role in idiopathic membranous nephropathy (IMN).
[4–8]. Particularly in IMN, uC5b-9 levels reflect the renalUrinary excretion of C5b-9 correlates to the immunologic activ-
immunologic process and the potential evolution towardity of this disease. Recently, renal cortical C3 gene expression
has been described in several nephropathies. glomerulosclerosis. Moreover, experimental data con-
Methods. The aim of this study was to investigate the renal firmed the pathogenetic involvement of C5b-9 because
C3 gene expression by in situ hybridization in IMN and to inhibition of its formation attenuates disease severity [2].correlate it with histopathologic, pathophysiologic, and immu-
In recent years, in vitro studies with glomerular [9–14]nologic (urinary C5b-9) indices of disease activity.
and proximal tubular cells [15, 16] have demonstratedResults. C3 was expressed in 77% of 22 renal biopsies of
IMN patients, mainly at the cortical tubular and glomerular the possibility of a heterotopic C3 synthesis, the liver
parietal epithelial cell levels. C3 protein synthesis by tubular being the major site of this complement protein synthesis
cells was demonstrated by immunofluorescence. The intensity
[17]. C3 gene expression by renal tissue also has beenof C3 gene expression by both glomerular and tubulointerstitial
confirmed by ex vivo studies in different nephropathies,compartments correlated with the glomerular stage of disease
(P 5 0.0023 and P 5 0.0214, respectively). Although no correla- which are mainly characterized by a predominant or
tion was found with proteinuria, serum creatinine at renal overlapping tubulointerstitial involvement with mono-
biopsy time was strongly associated with renal C3 expression. nuclear cell infiltration and tubular atrophy [18–22].
IMN patients showed a trend of increased urinary C5b-9 levels,
Therefore, the local renal production of C3 and otherwhich correlated to C3 at the tubulointerstitial level (P 5
complement fractions has been hypothesized to partici-0.0143).
Conclusion. Renal C3 production, mainly at the tubular pate in the pathogenesis of immunologic renal damage
level, may be induced by urinary excretion of C5b-9 in IMN [23].
and may have a pathogenetic role in the tubulointerstitial dam- A preliminary study with polymerase chain reactionage that can be associated with this disease.
analysis of RNA extracted from biopsies of patients suf-
fering from IMN has shown that C3 is expressed in corti-
cal renal mRNA [18]. Furthermore, in PHN, C3 pro-
Complement activation plays a pathogenetic role in
duced by glomerular epithelial and mesangial cells and,
experimental passive Heymann nephritis (PHN) and hu-
to a lesser extent, by tubular cells was associated with
man idiopathic membranous nephropathy (IMN) [1, 2].
the development of proteinuria [24]. Therefore, the pos-
The generation of terminal complement complex on the
sibility that a central complement component such as C3epithelial side of the glomerular basement membrane
might be synthesized by renal cells in IMN suggests aseems to mediate the increased pore permeability to
more active participation of complement in the patho-proteins and, in turn, causes nephrotic range proteinuria
genesis of IMN.
Activation of renal C3 gene expression has been
mainly demonstrated in proximal tubular cells [19, 21,Key words: membranous glomerulonephritis, complement, tubuloin-
terstitial damage, urinary C5b-9. 22]. These cells, because of their natural location, are
exposed to the effect of terminal complement complexReceived for publication November 13, 1998
in diseases, such as IMN, characterized by the activationand in revised form August 12, 1999
Accepted for publication August 23, 1999 and assembly of C5b-9 on the urinary side of the glomer-
ular basement membrane. It is therefore possible to hy- 2000 by the International Society of Nephrology
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pothesize that a causative relationship might exist be- In situ hybridization
tween urinary excretion of C5b-9 and renal synthesis of To assess C3 gene expression on biopsy specimens of
C3 in IMN. IMN patients, 4 mm thick frozen sections were cut and
To address this issue, biopsy specimens from IMN collected onto polylysine-coated slides. The slides were
patients were studied by in situ hybridization for C3. then sequentially dried briefly on a hot plate, fixed in 4%
Levels of uC5b-9 were also assayed and correlated with paraformaldehyde for 20 minutes, washed in phosphate
renal C3 gene expression. The data show that C3 is buffered saline (PBS), dehydrated in graded ethanols,
produced in the kidney in a high percentage of IMN and stored at 2708C until processed for in situ hybridiza-
cases, with increased intensity in patients with a more tion. This procedure was carried out as previously de-
severe disease. C3 expression correlates with immuno- scribed [25, 26]. Each specimen was hybridized with ei-
logic activity as assessed by uC5b-9. ther an antisense or sense 32P-labeled RNA probe specific
for human C3 transcript.
Autoradiography was performed by dipping the dehy-METHODS
drated slides into Ilford G5 nuclear emulsion (Ilford,
Patients Mobberly Cheshire, UK) and by developing after three
Twenty-two patients affected by IMN were enrolled weeks of exposure by Kodak D19 (Kodak, Hemel Hamp-
in the study after informed consent. The male to female stead, UK). The slides were finally counterstained with
ratio was 16:6, and the mean age was 52.13 6 14.5 years. hematoxylin.
The diagnosis was made by percutaneous renal biopsy The C3 probe used for in situ hybridization was gener-
and standard examination of cortical tissue by light mi- ated as previously described [22]. Briefly, the pHLC3.11
croscopy and immunofluorescence. No patient had been clone obtained from American Type Culture Collection
treated before or at the time of renal biopsy with immu- (Bethesda, MD, USA), which contains an insert of 4.2
nosuppressor or cytotoxic drugs. kb, was double digested by Sac I-Sal I restriction endonu-
Four renal biopsy specimens obtained from patients cleases; subsequently, a 403 bp fragment was purified by
affected by mild urinary abnormalities and either nor- agar-gel electrophoresis and subcloned into a pGEM3Zf
mal-appearing histologic picture of renal tissue or mild plasmid (Promega Biotech, Zurich, Switzerland). After
mesangial expansion were used as a control group. More- linearization with either Sac I or Hind III restriction
over, 15 additional specimens obtained from three pre- endonucleases, SP6 and T7 RNA polymerases (Boeh-
transplant renal biopsies and 12 apparently normal por- ringer Mannheim, Mannheim, Germany) were used to
tions of kidneys removed for renal cell carcinoma were produce run-off transcripts of either the antisense or
used as negative controls. sense (negative control) 35S-labeled strands, respectively.
Observation of renal biopsy slides was performed
Specimens blindly by two investigators who compared sections hy-
Renal biopsy was performed by using a 14- or 16- bridized with either the antisense or sense C3 mRNA
gauge semiautomatic Colt needle (Sterilab, Milan, Italy). probe to assess whether the specific transcript was ex-
Two cortical fragments were obtained from each patient. pressed (positive samples).
One was fixed in Duboscq-Brazil for four hours and then
Morphometric analysis for quantitative assessment ofembedded in paraffin, and was used to prepare slides for
the in situ hybridization signalroutine histologic evaluation. The other fragment was
cut into two portions. The first was embedded in OCT Silver grains generated by the in situ hybridization
medium, snap frozen in liquid nitrogen, and used for method were quantitated by a computer-based morpho-
immunofluorescence evaluation with standard FITC- metric analysis system. Microscopy images were im-
conjugated antisera. The second portion was equally em- ported by a video camera (Hamamatsu, Milan, Italy)
bedded in OCT medium, snap frozen in liquid nitrogen, connected through a frame grabber (Hamamatsu) to a
and used for in situ hybridization for C3 gene. power PC computer (Macintosh, Cupertino, CA, USA).
From a group of randomly selected patients, a morning Selected field images were digitized for image analysis
spot urine sample was collected at the time of renal at 256 gray levels. Quantitative analysis of the specific
biopsy directly in a sterile cup containing 1 mL of ethyl- signal was performed by the Optilab Pro 2.6.1 software
enediaminetetraacetic acid (EDTA) 0.5 mol/L. Samples (Graftek, Villanterio, PV, Italy), which operated a color-
were quickly centrifuged for 10 minutes at 600 3 g, based pitch densitometry. To compare different fields
and supernatants were stored at 2708C until assayed for and specimens, images were analyzed in a dark field.
levels of C5b-9. Urinary samples were obtained with the Because the specimens presented variable background
same procedure from 10 normal volunteers who were brightness, a normalization of the background was
needed. To this purpose, the imported color image wasmatched for sex and age.
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extracted by the Optilab software according to a HSL Statistical analysis
protocol (hue, saturation, luminosity). The L plane was A correlation between parameters was performed by
chosen for the final normalization of brightness of differ- linear regression analysis and the Pearson’s correlation
ent images in such a way as to generate a gray scale that test. A comparison of urinary levels of C5b-9 was per-
enhanced the variable intensity of silver grains. For the formed by the Mann–Whitney U-test.
final quantitation of signal, the image was transformed
in false colors by the palette gradient. A personalized RESULTS
densitometric gray scale (0 to 256) was set by the densi-
Renal C3 gene expression and tissue localization oftometry function of the software. Moreover, the gray
specific transcript
scale was calibrated for the specific field by a curve-
Among 22 patients enrolled in the study, 16 showedfitting process of five to seven points of different gray
a histologic picture of IMN in early stages (stage I orintensity. Finally, the variable intensity of silver grains,
II), whereas the remaining six were in more advancedgenerated by both the horizontal and vertical plane dis-
stages (III and IV). At the time of renal biopsy, sixtributions, was calculated with the intensity measure-
patients (27%) had renal insufficiency (serum creati-
ment function and was expressed as pixels per 1000 mm2
nine . 1.3 mg/dL), and the mean proteinuria was 4.39 6
(Fig. 1). 4.02 g/24 h (Table 1).
The grain intensity was assessed separately on glomer- In situ hybridization with the human C3 probe was
uli and tubulointerstitial compartment. A mean of four positive in 17 IMN patients (77%). The principal site of
to six glomeruli per section was evaluated, and an aver- C3 transcript localization was represented by cortical
age of pixel per 1000 mm2 was considered. Similarly, five tubular cells (88% of positive cases), especially in the
to seven randomly selected tubulointerstitial fields were presence of interstitial mononuclear cell infiltrate (Fig.
analyzed for each section in order to generate an average 2). The C3 gene was also transcribed in glomeruli in a
intensity of hybridization. reduced percentage of patients (53% of positive cases),
exclusively by parietal epithelial cells of Bowman’s cap-
Assessment of urinary C5b-9 sule (Fig. 2 E, F); in no case, however, were specific
hybridization grains detected in the mesangial area. Fi-The concentration of uC5b-9 was evaluated by an en-
nally, C3 mRNA was also expressed by scattered intersti-zyme-linked immunosorbent assay (ELISA) kit pur-
tial cells in 53% of positive patients (Fig. 2D).chased from Quidel (San Diego, CA, USA). In this kit,
All control renal biopsy specimens were negative formicrotiter plate wells were coated with a C5b-9–specific
C3 gene expression (Fig. 2A), with a signal intensitymonoclonal antibody, and the sensitivity of assay was 1
comparable to the negative C3 sense control (data notng/mL. Urine samples were applied after a 1:5 dilution.
shown).
Absolute concentrations of uC5b-9 were normalized ver-
sus the urinary creatinine concentration, and therefore, Correlation of C3 gene expression with
results are expressed as ng C5b-9/mg creatinine. histopathologic and pathophysiologic indexes
The intensity of C3 gene expression, evaluated by com-
Immunofluorescence and immunohistology on renal puter-assisted morphometric image analysis, correlated
biopsy specimens with the stage of disease. The statistical analysis of C3
For routine immunofluorescence evaluation of renal gene expression in separate parenchymal compartments
revealed a significant correlation between glomerularbiopsies, 5 mm thick frozen sections were cut and were
and tubulointerstitial C3 mRNA intensity and the stagesequentially fixed in acetone, washed with PBS, stained
of disease (P 5 0.0023 and P 5 0.0214, respectively;with FITC-conjugated antisera (Kallestad, Austin, TX,
Fig. 3).USA) against human IgG, IgM, IgA, C4, fibrinogen di-
The intensity of C3 gene expression was analyzed inluted 1:20, washed in PBS, and mounted with buffered
correlation with the main pathophysiologic indexes (se-glycerol. To increase the detection sensitivity, a 1:8 dilu-
rum creatinine and proteinuria at time of renal biopsy).tion of the FITC-conjugated anti-C3 antiserum was used.
Although no significant correlation was observed with
To confirm that C3 immune staining was due to de proteinuria, serum creatinine levels were statistically as-
novo C3 protein synthesis in renal tissue, a further im- sociated with C3 mRNA intensity in both glomeruli (P 5
mune histologic technique was performed on selected 0.0161) and the tubulointerstitial compartment (P 5
biopsy specimens by using an anti-C3c monoclonal anti- 0.0124; Fig. 4).
body. The method was developed by an immune alkaline
Immunofluorescence for C3 protein synthesisphosphatase (APAAP) approach, as previously de-
scribed [22]. Positivity for C3c protein has been consid- To assess whether or not the C3 protein was synthe-
sized in renal tissue of IMN patients, an immunofluores-ered an indirect evidence of local production of C3 [19].
m Fig. 1. Quantitation of in situ hybridization signals. Original micro-
scopic images of in situ hybridization specimens in bright (A) and
dark (B) fields were imported through a video camera connected to
a computer. Image analysis software was adapted to obtain false
colors transformation in palette gradient (C and D). After a process
of normalization of the background brightness (Methods section),
the intensity of silver grains was measured and expressed as pixels
per 1000 mm2.
Fig. 6. Immunoalkaline phosphatase staining of renal sections of IMN
patients using a monoclonal antibody antihuman C3c, which detects de
novo synthesized C3. The positive material (evidenced by the red stain-
ing of new fuchsin) was localized in the tubulointerstitial compartment
on both cortical tubular cells (A) and interstitial cells (B) (counter-
stained with hematoxylin; original magnification 3200).
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Table 1. Summary of clinical and histologic stage of idiopathic membranous nephropathy (IMN) patients in relation to intensity
of renal C3 gene expression
C3 gene expression
Age Serum creatinine Proteinuria
Case years Sex Stage mg/dL g/24 h Glomeruli Tubulointerstitium
1 9 M I 0.4 3.3 5666 44985
2 62 F I 0.8 1.9 0 71204
3 47 F I 0.8 4.4 1158 11572
4 75 M I 1.0 2.7 1300 2960
5 39 M I 1.1 5.7 1743 5833
6 48 M I 2.1 3.2 9896 20575
7 52 M I 0.9 1.5 0 38901
8 49 F I 1.1 4.7 2007 23088
9 31 F I 0.9 4.0 1566 65790
10 64 F I 1.8 13.2 32845 109324
11 42 F II 0.8 2.0 1991 2007
12 58 M II 2.5 19.0 19053 43071
13 59 M II 1.1 1.4 19091 8071
14 68 M II 0.7 1.5 0 3699
15 54 M II 0.9 5.5 24981 64998
16 57 M II 0.9 5.1 19001 14825
17 57 M II 1.3 3.4 13300 28345
18 68 M III 1.1 3.1 0 85000
19 60 M III 2.0 1.7 25466 93557
20 36 F III 0.8 1.8 43942 60382
21 45 M III 1.2 3.3 0 743
22 67 M IV 4.1 4.2 36202 124130
Intensity of C3 mRNA was assessed quantitatively by morphometric image analysis and is expressed as pixel/1000 mm2.
cence staining was performed on biopsy sections using median uC5b-9 in IMN patients were 575.1 and 66.5
a 1:8 dilution of the FITC-conjugated antihuman C3 ng/mg of creatinine, respectively (range 3.5 to 2943.6),
antiserum. Besides the classic granular capillary staining whereas in controls, the mean and median were 84.1 and
caused by glomerular basement membrane deposits of 76.8 ng/mg of creatinine, respectively (range 1.3 to 235.0;
C3, which were present in 52% of patients, the presence Fig. 7). The difference was not statistically significant.
of C3 immunostaining was directly observed in cortical However, the uC5b-9 correlated significantly with tubu-
tubular cells by either a basal staining or intracytoplasmic lointerstitial C3 gene expression (r 5 0.8122, P 5 0.0143),
finely granular fluorescence (Fig. 5). In some instances, whereas no statistical significance was observed between
glomerular parietal epithelial cells showed positive cyto- glomerular C3 gene expression and uC5b-9 (r 5 0.6695;
plasmic immunofluorescence. Semiquantitation of tubu- Table 2).
lar C3 immunofluorescence intensity correlated signifi-
cantly with tubulointerstitial C3 gene expression (r 5
DISCUSSION0.8150, P 5 0.0001).
The concept of a pathogenetic involvement of comple-Confirmation of local production of the C3 protein
ment activation in membranous nephropathy derivesdetected by immunofluorescence was sought by an alter-
mainly from studies on an experimental model (PHN)native approach using an anti-C3c monoclonal antibody,
that mimics the human disease. The final assembly ofwhich detects native C3 produced locally in tissue. The
C5b-9 on the subepithelial side of the glomerular base-specific protein, evidenced by the red staining of new
ment membrane has a causative relationship with thefuchsin [22], was localized predominantly in cortical tu-
development of proteinuria [27]. Recently, a new aspectbular cells and eventually in interstitial cells (Fig. 6);
of the complement involvement in different nephropa-scanty positive material was occasionally observed within
thies has emerged, demonstrating that some complementglomeruli. At a higher magnification, the cortical tubular
proteins are synthesized by renal cells [23]. Preliminarycells showed intracytoplasmic granular staining sugges-
studies conducted with polymerase chain reaction (PCR)tive of a rough endoplasmic protein synthesis. Some as-
methodology [18] and an in situ hybridization [28] ap-pects of apical and basal staining were also observed
proach on biopsy material from a few patients affected(Fig. 6).
by IMN showed the presence of the C3 transcript in renal
Assessment of urinary levels of C5b-9 cortical mRNA. We therefore investigated the renal C3
synthesis in a larger number of IMN patients and corre-A morning spot urine sample was obtained from 8
IMN patients and 10 normal controls. The mean and lated the findings with histopathologic and pathophysio-
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Fig. 2. Representative microphotograph of in situ hybridization for C3 on renal sections of IMN patients and controls. (A) Renal tissue from a
control patient showing only moderate mesangial expansion and no C3 positive message. (B) A slide prepared with renal tissue of an IMN patient
showing intense positive C3 mRNA localization on cortical tubuli cut transversally or longitudinally. (C) At higher magnification, it is possible to
appreciate the predominant concentration of hybridization grains onto tubular cells. (D) In some cases, scattered interstitial cells were also positive
for C3 mRNA (arrows). (E) In glomeruli, the positive grains were present only in parietal epithelial cells and were never observed in the mesangial
area, as it is better appreciable in dark field observation of a positive glomerulus (F). (Original magnification for A, B, D–F, 3200; and for C, 3400).
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Fig. 3. Correlation between glomerular (A) and tubulointerstitial (B)
C3 gene expression and glomerular stage of IMN. Intensity of C3 gene
Fig. 4. Correlation between glomerular (A) and tubulointerstitial (B)expression was quantitatively evaluated by computer-assisted morpho-
C3 mRNA expression and renal function at the time of renal biopsy.metric image analysis, separately on glomeruli and tubulointerstitium
In A, r 5 0.5070, P 5 0.0160; in B, r 5 0.5236, P 5 0.0124.and expressed as pixel per 1000 m2 after the transformation of the image
according to the procedure described in the Methods section. In A, r 5
0.6275, P 5 0.0023; in B, r 5 0.4985, P 5 0.0214.
been reported previously in other nephropathies [19–22],
has a major relevance in IMN in view of the possibilitylogic indices of disease severity. This study provides evi-
that de novo synthesized C3 can amplify the generationdence that C3 gene expression and protein synthesis
of terminal complement complex. Based on the distribu-occur consistently in a high percentage of patients af-
tion of renal parenchymal compartments expressing thefected by IMN. The specific transcript could be localized
C3 gene, our data lead to a hypothesis that, in contrastmainly in cortical tubular cells. Also, glomerular parietal
to what has been reported in PHN [24], transcription ofepithelial cells and scattered interstitial cells were posi-
C3 gene is not activated in glomerular visceral epithelialtive, although to a lower degree. The intensity of C3
and mesangial cells that are in direct contact with thesynthesis was increased in patients affected by an ad-
putative primary pathogenetic event represented by invanced glomerular disease stage and renal failure. Fi-
situ formation of immune complexes. Rather, it involvesnally, renal C3 production was associated with increased
more distal cell types such as glomerular parietal epithe-urinary excretion of C5b-9 in IMN patients.
lial and proximal tubular cells, which are more likelyThe finding of local C3 synthesis in kidney tissue of
patients with immune-mediated renal diseases, which has exposed to active urinary products. In fact, a higher C3
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Fig. 7. Urinary excretion of C5b-9 in IMN patients and controls. The
assay was performed on a spot morning urine sample, and values were
normalized versus creatinine excretion. The statistical comparison by
the Mann–Whitney U-test was not significant.
Table 2. Correlations between glomerular and tubulointerstitial C3
gene expression and urinary excretion levels of C5b-9 (uC5b-9)
in IMN patients
uC5b-9
C3 expression r P
Glomerular 0.6695 NS
Tubulointerstitial 0.8122 0.0143
Fig. 5. Indirect immunofluorescence pattern for C3 protein in tubuli
of renal sections of IMN patients. FITC-conjugated anti-C3 antiserum
was used at a higher concentration than normally used to detect glomer-
ular deposits. Immune reactive material was observed by either a tubular
basement membrane pattern (A) or finely granular intracytoplasmic
tors able to induce C3 in renal tissue. Although protein-pattern (B) (original magnification 3400).
uria per se did not correlate with the intensity of C3
mRNA expression, some polypeptide factors such as in-
terleukin (IL)-2, interferon-g, and IL-1 eventually present
production was significantly associated with an increased in urine could play a pathogenetic role [8, 15, 16].
uC5b-9 excretion. This latter finding has been considered Concerning the mechanism by which C5b-9 passes as
to be a marker of the ongoing immunologic process in an intact molecule into urine, experimental evidence sug-
PHN and IMN, which would reflect the active local for- gests a possible transcellular transport of the complex
mation of immune complexes and complement activa- assembled on the subepithelial side of the glomerular
tion [7]. The discrepancy between the tissue distribution basement membrane [30]. The terminal complex does not
of C3 synthesis in this study versus the PHN model re- act cytolytically on glomerular epithelial and proximal
tubular cells, but exerts sublytic effects by the inductionmains to be elucidated. One important difference may
be the diverse methodology used. Sasaki et al used a of intracellular pathways, such as activation of phospholi-
pase A2 and mitogen-activated protein kinase (MAPK),nonradioactive in situ hybridization approach with an
oligonucleotide probe [24], whereas in this study, a 403 arachidonic acid, and eicosanoid release [31] and induc-
tion of proinflammatory cytokine release [IL-6 and tu-bp complementary RNA probe with validation of nucle-
otide sequence (data not shown) and isotopic labeling mor necrosis factor-a (TNF-a)] on proximal tubular cells
[32]. Furthermore, tubular membrane attack complexwas used. This discrepancy has perhaps been consistently
observed in previously published articles on different (MAC) deposition correlates with the development of
tubulointerstitial lesions in IMN and other nephropa-nephropathies with either isotopic [19, 21, 22] or noniso-
topic labeling [29]. thies [33]. In line with these observations, it might be
therefore conceivable to hypothesize that C5b-9 mayUrinary C5b-9 could be envisioned as one of the fac-
Montinaro et al: Renal C3 synthesis in IMN 145
stimulate C3 synthesis on other target cells such as glo- thesis in IMN could be a perpetuation of immunologic
activity of disease by formation of C5b-9, induction ofmerular parietal epithelial and proximal tubular epithe-
lial cells. Preliminary data with cell culture studies would C3, amplification of C3 convertase activity, and genera-
tion of active complement fragments, which can exertconfirm this hypothesis (abstract; Montinaro et al, Mol
Immunol 35:385, 1998). proinflammatory effects on the renal tubulointerstitium.
Considering C3 as a proinflammatory molecule, its
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